Objective: The aims of this study were to quantitatively assess two new scan modes on a photon-counting detector computed tomography system, each designed to maximize spatial resolution, and to qualitatively demonstrate potential clinical impact using patient data. Materials and Methods: This Health Insurance Portability Act-compliant study was approved by our institutional review board. Two high-spatial-resolution scan modes (Sharp and UHR) were evaluated using phantoms to quantify spatial resolution and image noise, and results were compared with the standard mode (Macro). Patients were scanned using a conventional energy-integrating detector scanner and the photon-counting detector scanner using the same radiation dose. In first patient images, anatomic details were qualitatively evaluated to demonstrate potential clinical impact. Results: Sharp and UHR modes had a 69% and 87% improvement in in-plane spatial resolution, respectively, compared with Macro mode (10% modulationtranslation-function values of 16.05, 17.69, and 9.48 lp/cm, respectively). The cutoff spatial frequency of the UHR mode (32.4 lp/cm) corresponded to a limiting spatial resolution of 150 μm. The full-width-at-half-maximum values of the section sensitivity profiles were 0.41, 0.44, and 0.67 mm for the thinnest image thickness for each mode (0.25, 0.25, and 0.5 mm, respectively). At the same in-plane spatial resolution, Sharp and UHR images had up to 15% lower noise than Macro images. Patient images acquired in Sharp mode demonstrated better delineation of fine anatomic structures compared with Macro mode images. Conclusions: Phantom studies demonstrated superior resolution and noise properties for the Sharp and UHR modes relative to the standard Macro mode and patient images demonstrated the potential benefit of these scan modes for clinical practice.
R ecently, photon-counting detector (PCD) technology has been introduced into x-ray computed tomography (CT) imaging. [1] [2] [3] [4] [5] [6] [7] [8] Different from the conventional energy-integrating detectors (EIDs) used in commercial CT systems, x-ray photons directly produce electric signals in PCDs where the amplitude of the signal is related to the energy of the detected photon. Photon-counting detectors count individual photons and allocate each count into distinct energy bins, according to the measured photon energy. Compared with EID-CT systems, PCD-CT systems offer lower electronic noise, improved CT number accuracy, and higher contrast-to-noise ratio, which provides higher dose efficiency for contrast-enhanced CT. [1] [2] [3] [5] [6] [7] [9] [10] [11] [12] [13] [14] Further, the energy discriminating nature of PCD-CT enables multienergy CT, with 2 or more energy bins, which may lead to new clinical applications, such as simultaneous imaging of multiple contrast agents and functional imaging using nanoparticles. 5, [15] [16] [17] [18] A whole-body PCD-CTwas built and made available for investigational studies at our institution. 7, 16, [19] [20] [21] Phantom, animal, and cadaver studies at clinical dose levels and dose rates have demonstrated that the PCD-CT provides equivalent or improved image quality compared with EID-CT, but with higher iodine contrast-to-noise ratio, lower electronic noise, and reduced beam-hardening artifacts. 12, 19, 22 Human studies of the abdomen, and head and neck, have validated noninferior performance of PCD-CT compared with EID-CT. 23, 24 In EIDs, x-ray photons interact with a scintillator material to generate visible light, which is consequently detected by a photodiode to produce electric signals. Energy-integrating detectors require septa between individual detector cells to prevent this light from spreading across detector boundaries. The septa reduce dose efficiency as they cause "dead space" on the detector surface. Photon-counting detector's direct-conversion technique avoids the intermediate step of creating visible light; therefore, reflective septa between detector cells are not required. This allows use of smaller detector cells in PCDs without sacrificing dose efficiency. A scanning technique using 0.25 Â 0.25-mm detector cells (at isocenter) on the PCD-CT was recently reported, with both phantom and cadaveric studies demonstrating potential clinical benefit for the PCD technique compared with EID-CT. 25 The technique was only available in service mode without table translation. In addition, the mode was limited to 1 energy threshold, which did not allow the simultaneous acquisition of multienergy CT data, which is one of the major benefits of PCD-CT. These 2 limitations prevented the mode from being used for human studies. In 2016, 2 new "clinical" high-spatial-resolution scan modes, each having multienergy capabilities, were introduced on the research PCD-CT scanner. 26, 27 To our knowledge, the evaluation of simultaneous highresolution and multienergy capabilities of PCD-CT of patients using the high-resolution modes has not been reported. The purpose of this study was to quantitatively assess the 2 high-spatial-resolution scan modes and to qualitatively demonstrate potential clinical impact using first patient scans.
MATERIALS AND METHODS
This prospective, Health Insurance Portability Act-compliant study was approved by our institutional review board, with written informed consent obtained from each participant.
PCD-CT Scanner and High-Spatial-Resolution Scan Modes
The PCD-CT scanner used is a modified second-generation dualsource CT scanner (SOMATOM Definition Flash, Siemens Healthcare), with 1 of the 2 EID subsystems replaced by a PCD subsystem. The scan field-of-view (FOV) of the EID and PCD subsystems are 50 and 27.5 cm, respectively. A data-completion scan using the EID subsystem is required for PCD examinations of subjects whose width exceeds 27.5 cm FOV to avoid data truncation artifact. 28 The PCD subsystem is capable of acquiring energy-selective data with either 2 or 4 energy thresholds. Details of the scanner have been described elsewhere. 7, 12, 16, [19] [20] [21] The native detector pixel of the PCD is 0.225 Â 0.225 mm (at the detector plane); however, the standard readout, referred to as Macro mode, groups 4 Â 4 native detector pixels to form an effective detector pixel of 0.9 Â 0.9 mm (Fig. 1) . Given the system's magnification of 1.8, this results in a 0.5 Â 0.5-mm detector pixel size at isocenter. Two energy thresholds are available in this mode. Another mode, referred to as Chess mode, has the same detector size as the Macro mode but interlaced subpixels are operated at different energy thresholds, resulting in 4 energy thresholds for this mode. The z-axis collimation is 32 Â 0.5 mm (16 mm coverage) for both Macro and Chess modes (Fig. 1) . 7, 19 Because spatial resolution is the same between Macro and Chess mode, in this study, we only used Macro mode for comparison with the new high-spatial-resolution scan modes.
The 2 new high-spatial-resolution scan modes, namely, Sharp and UHR modes, both have 2 energy thresholds ( Fig. 1) . 29 In UHR mode, low-and high-energy thresholds have the same detector pixel size of 0.25 Â 0.25 mm (at isocenter). The z-axis collimation is reduced to 32 Â 0.25 mm (8 mm coverage, Fig. 1 ) to handle the increase in generated data (4 times more than Macro mode) without exceeding data transfer limits. A rotation time of 1 second is available. The focal spot size is 0.7 Â 0.7 mm and tube power is limited to 48 kW. In Sharp mode, to increase the detector coverage and scan speed, the lowenergy threshold data maintains the same detector pixel size as the UHR mode (0.25 Â 0.25 mm), whereas the high-energy threshold data uses a 0.5 Â 0.5 mm detector pixel, which allows an increase in collimation to 48 Â 0.25 mm (12 mm coverage, Fig. 1 ). Two rotation time options are available, 0.5 and 1 second. The Sharp mode uses a larger focal spot (0.9 Â 1.1 mm) and higher tube power (100 kW) limit than the UHR mode. The focal spot size is determined by the scan mode and not selectable by the user.
Phantom Experiments to Assess Spatial Resolution and Image Noise
Spatial resolution was quantitatively assessed using the modulationtranslation-function (MTF) in the axial plane and section-sensitivity-profile (SSP) along the longitudinal (z) direction for Macro, Sharp, and UHR modes. A 50-μm diameter tungsten wire was placed in a solid water phantom and scanned with the wire parallel to the z-axis of the scanner. All scans were performed in spiral mode, with 0.5-second rotation time, 140 kV, and energy thresholds of 25 and 75 keV. Full spectrum (low energy threshold) images were reconstructed using weighted filteredbackprojection (FBP) 30 and the smallest FOV (50 mm), a 1024 Â 1024 image matrix, and 0.75 mm image thickness. Reconstruction was FIGURE 1. Detector pixel configuration and z-axis collimation for the 4 scan modes on the PCD-CT system: Macro, Chess, Sharp, and UHR. Native detector pixels are delineated by the dashed lines, whereas detector readout units are delineated by solid lines for the low energy (green) and high energy (red) data. performed using 2 kernels: B70 (the preferred high resolution kernel in our practice for most applications) and S80 (Shepp-Logan kernel designed to reproduce the maximal system frequency that the hardware is capable of ). The point spread function was obtained from the reconstructed images of the wire, MTF curves were calculated, and the MTF values at 10% and 0% were recorded. Section-sensitivity-profiles were measured using a 25-μm thick gold foil embedded in a Lucite cylinder (QRM, GmbH, Moehrendorf, Germany), which was scanned with the foil perpendicular to the z-axis of the scanner. Images were reconstructed with 75 mm FOV, a 1024 Â 1024 image matrix, and a S80 kernel. Images were reconstructed at the narrowest image thickness for each mode, that is, 0.5, 0.25, and 0.25 mm for Macro, Sharp, and UHR modes, respectively. For noise comparisons, images were also reconstructed at 0.5 mm for Sharp and UHR modes, the same thickness as used by the Macro mode. The smallest reconstruction increment allowed (0.05 mm) was used to provide sufficient sampling of the SSP along the z-axis. Section-sensitivity-profiles were plotted and the full-width-at-half-maximum values were calculated.
Image noise in the low-energy threshold images was measured by scanning an anthropomorphic head phantom using Macro and Sharp modes at matched tube-current-time-product levels (150 mAs, CTDI VOL = 38 mGy) as used in our clinical practice. Images were reconstructed with identical parameters for all modes: 1.0 mm image thickness, 275 mm FOV, 1024 Â 1024 matrix, and a sharp kernel (H70), which is the bone kernel used for routine head CT scans at our institution. Noise was measured as the standard deviation of CT numbers inside a circular region of interest drawn in a uniform area of the images.
First Patient Images and Qualitative Demonstration of Potential Clinical Impact
Adult subjects referred for clinically indicated CT examinations were recruited to participate in this study, which involved a research PCD-CT scan of the same anatomy as was imaged clinically. After obtaining written informed consent, patients were scanned on the PCD-CT for the same indication as the clinical examination and with the same radiation dose (CTDI VOL ).
Computed tomography examinations of the shoulder, lung, abdomen, head, and temporal bone were included in this proof-of-principle study. All clinical examinations were performed using standard clinical protocols on a 128-slice CT scanner (SOMATOM Definition Edge or SOMATOM Definition Flash, Siemens Healthcare; these systems are identical when operated in the single-energy mode, which was the case for these examinations). The temporal bone scan was performed with an ultrahigh-spatial-resolution mode using a comb filter along the fanangle direction to reduce effective detector pixel size. [31] [32] [33] All research examinations were performed on the PCD-CT using either Sharp or UHR mode, 140 kV, 25 and 75 keV energy thresholds, and CTDI VOL matched to that of the clinical EID-CT examination. The tube potential and energy thresholds were chosen to achieve a balance between energy separation and the number of photons in each energy bin, which determines the noise in each bin image. Images were reconstructed with identical parameters (kernels, image thickness, and increment) for the clinical and research scans of each patient. Specific scanning and reconstruction parameters are summarized in Table 1 .
Simultaneous High-Spatial-Resolution and Multienergy Capabilities
To demonstrate the ability of the Sharp and UHR modes to simultaneously acquire high-spatial-resolution and multienergy images, multienergy data processing was performed for a contrast-enhanced head examination (CT angiography [CTA]), and a renal stone examination. The head CTA examination used 50 mL of contrast media (Omnipaque 350, GE Healthcare). In addition to the high-spatialresolution, low-energy threshold images reconstructed with a sharp kernel, both the low-and high-energy threshold data were reconstructed with a weighted filtered back projection algorithm using a quantitative soft kernel (D30) and processed for dual-energy analysis on prototype software provided by the manufacturer (eXamine, Siemens Healthcare). Bone removal was performed for the head CTA case, and stone composition analysis was performed for the renal stone examination, where uric acid (UA) and non-UA (NUA) components were colorcoded as red and blue, respectively. See Table 1 for additional image reconstruction parameters.
RESULTS

Spatial Resolution and Image Noise
With B70, which was designed to convey nearly the best achievable resolution given the detector pixel size of the EID-CT system, all 3 modes demonstrated similar MTF curves, with 10% MTF values corresponding to 9.91, 9.99, and 9.97 lp/cm for Macro, Sharp, and UHR, respectively ( Fig. 2A) . For S80, which was designed to convey the best achievable resolution given the detector pixel size of the PCD-CT system, Sharp and UHR modes showed similar MTFs, both better than for Macro mode, with 10% MTF values corresponding to 9.48, 16.05, and 17.69 lp/cm for Macro, Sharp, and UHR, respectively (Fig. 2B) . It should be noted that the UHR and Sharp mode demonstrated similar MTF values in the low threshold images due to the identical detector pixels sizes in these modes. With S80, the cutoff spatial frequency of the UHR mode (32.4 lp/cm) corresponded to a limiting spatial resolution of 150 μm. The SSPs for Macro, Sharp, and UHR images reconstructed at the thinnest slice thickness possible, that is, 0.5, 0.25, and 0.25 mm, respectively, demonstrated (Fig. 3) . For the same reconstructed image thickness of 0.5 mm, Sharp and UHR modes had narrower SSPs (0.57 and 0.58 mm) than Macro mode (0.67 mm). The similarity in the SSPs between Sharp and UHR modes can be attributed to the identical detector pixel sizes used in these acquisition modes for low-energy threshold images. Images of the anthropomorphic head phantom scanned with Macro and Sharp modes and reconstructed with the same head kernel (Fig. 4) demonstrated that the low-energy threshold images acquired with Macro mode were noisier than Sharp mode for the same kernel (ie, the same in plane spatial resolution). Region of interest measurements showed a 15% noise reduction for Sharp mode compared with Macro mode.
First Patient Images and Qualitative Demonstration of Potential Clinical Impact
For lung images of the same patient scanned on a commercial EID scanner and the PCD-CT (Fig. 5) , the PCD-CT image was visibly sharper than the EID-CT image. More small vessels were observed in the PCD-CT image compared with that from the EID scanner. In addition, excellent delineation of the airway walls was achieved with PCD-CT, which was challenging in the EID-CT images. Shoulder images of the same patient (Fig. 6 ) demonstrated sharper cortex and trabeculae bones, and subchondral cysts and sclerosis, with PCD-CT compared with EID-CT. Temporal bone images of the same patient scanned on an EID-CT using a comb filter and the PCD-CT using UHR mode (Fig. 7) showed similar image sharpness, with both clearly delineating the incudomallear joint. However, region of interest measurements showed 21% lower image noise for PCD-CT images (112 HU) than EID-CT (141 HU) images.
Simultaneous High-Spatial-Resolution and Multienergy Capabilities
A Sharp mode, low-energy threshold image of the head CTA examination shows clear delineation of fine blood vessels, soft tissue, and bony structures (Fig. 8A ). This image can be used for standard diagnostic tasks. Because both low-and high-energy data were acquired simultaneously, dual-energy postprocessing could be performed to remove bony anatomy (Fig. 8B) .
The low-energy threshold Sharp mode images from the renal stone examination with 0.25-mm image thickness demonstrated sharp boundaries of the stone, as well as 2 distinct regions of 1 stone: the darker core of the stone surrounded by a thin brighter shell (Fig. 9A) . Dual-energy analysis demonstrated the mixed composition of this stone, which had both UA (red) and NUA (blue) components (Fig. 9B) . The other stone was rather uniform in the low-energy threshold image and dual-energy analysis showed a pure UA (red) stone.
DISCUSSION
In this study, 2 high spatial-resolution, multienergy scan modes on a PCD-CT scanner, with a detector pixel size of 0.25 mm at the isocenter, were described. Modulation-translation-function measurements demonstrated strong dependence of spatial resolution on reconstruction kernel: spatial resolution was the same for all modes when images were reconstructed with a conventional sharp kernel (B70), whereas Sharp and UHR modes had much higher spatial resolution than Macro mode when a Shepp-Logan kernel (S80) was used. This was due to the fact that Shepp-Logan kernel was designed to convey the highest possible spatial frequency achievable by each system, whereas the B70 kernel was designed to produce identical image sharpness, regardless of the detector pixel size. As Sharp and UHR modes had smaller detector pixels than Macro mode, the resolution benefits were fully demonstrated using the Shepp-Logan kernel (S80). When spatial resolution was matched, benefit was still achieved with the Sharp and UHR modes, in the form of lower image noise. This is due to the fact that Sharp and UHR modes have a better intrinsic MTF due to the smaller detector size. Therefore, a more aggressive smoothing filter can be applied to the Sharp and UHR data compared with the Macro mode while achieving the same MTF in the final images, as demonstrated with simulations in a previous study. 34 This is possible because identical kernels require only identical MTF values; the actual smoothing filter used to achieve the specified MTF can be stronger, and hence reduce the image noise to a greater extent.
Along the z-axis, Sharp and UHR modes have nominal images thicknesses of 0.25 mm, which is half that of Macro mode. Phantom studies confirmed narrower SSPs for Sharp and UHR modes compared with Macro mode. Comparing Sharp and UHR modes, although both have the same nominal slice thickness of 0.25 mm, UHR mode showed a slightly narrower SSP than Sharp mode due to the smaller focal spot size of UHR mode (0.7 Â 0.7 mm) than Sharp mode (0.9 Â 1.1 mm).
Spatial resolution in CT plays a critical role in clinical diagnosis. Different methods have been investigated to increase spatial resolution. One example is the use of post-patient comb filters to reduce effective detector size. However, this method comes with reduced dose efficiency as the blocked photons have already contributed to patient dose, but do not contribute to the reconstructed image. 31 As shown in the temporal bone images, at matched radiation dose, image noise was higher using the EID and comb filter compared with that of the UHR mode in PCD-CT. Because of the reduced dose efficiency, the comb filter is only available in head and extremity examinations, but not for body examinations. The introduction of Sharp and UHR modes in PCD-CT, which allow improved spatial resolution without loss of dose efficiency, makes it possible to offer improved spatial resolution for imaging of any part of the body. Unlike high-spatial-resolution modes offered with smaller EID detectors, the loss of geometric efficiency from an increased density of septa is not an issue for PCD-CT. 35 This may allow visualization of small structures that were not visible before, enabling new applications in the torso. In the sample examinations shown in this study, improved spatial resolution and better delineation of fine anatomic structures were demonstrated compared with EID scanners. In addition, the energy discriminating nature of the PCD enables simultaneous acquisition of high-spatial-resolution and multienergy CT data (unlike current dual-energy systems equipped with the UHR comb filter, which can scan in either dual-energy or UHR modes, but not both simultaneously). Examples in musculoskeletal and renal stone imaging showed the ability of PCD-CT to provide both benefits using a single scan. These initial results are encouraging and warrant future studies for quantitative evaluation of the clinical benefit derived from use of these scan modes. In conventional EID CT, septa are used to reduce cross-talk between detectors; however, they also reduce geometric efficiency (fill factor). In PCD, the absence of septa improves geometric efficiency; however, their absence allows for detector cross-talk, such as charge sharing. For the research PCD-CT system investigated in this study, the antiscatter grid is aligned with the Macro pixels; there is no antiscatter grid aligned with the smaller pixels of the Sharp and UHR mode, which may allow for more detected scatter in these modes.
To accommodate the improved spatial resolution of the Sharp and UHR modes, image voxel size needs to be small enough to avoid stair-step artifacts and pixelation. A 512 Â 512 image matrix is not sufficient for conveying the maximum spatial resolution for a large FOV (275 mm) reconstruction. Although reducing reconstruction FOV can effectively reduce voxel size, it is inconvenient in some scenarios (eg, where bilateral anatomy is desired to be viewed in a single image) and inadequate in other scenarios, where full FOV is required (eg, lung imaging). A 1024 Â 1024 image matrix supports use of full FOV images with the maximum achievable spatial resolution. This requires that informatics systems, such as PACS and postprocessing workstations, be able to accept and process 1024 Â 1024 images.
In this study, the simultaneous high-resolution and dual-energy capabilities were investigated using Sharp mode instead of UHR mode. The main difference between Sharp mode and UHR mode is the resolution of the high-energy threshold images. Different from standard FIGURE 7 . Temporal bone images show high spatial resolution and clear delineation of the incudomallear joint (arrow) for both EID-CT (A) and PCD-CT (B). However, measurements showed a 21% noise reduction (141 to 112 HU) for PCD-CT compared with EID-CT, which uses a dose-inefficient comb filter to decrease the effective detector pixel sizes. diagnostic tasks, which can substantially benefit from the ultrahigh resolution, standard resolution low-and high-energy images (with 0.5 mm thickness) are sufficient for material quantification in dualenergy applications. This is because the material decomposition process tends to amplify image noise, limiting the benefit from use of a smaller detector size for the material decomposition process. 26 Sharp mode, which yields ultrahigh resolution in the low-energy threshold image and regular (macro) resolution in dual-energy images, represents a flexible imaging mode that can provide both ultrahigh resolution images and dual-energy capabilities. In addition, Sharp mode has 50% wider collimation, therefore a faster scanning speed, compared with UHR mode. Due to these reasons, Sharp mode has been used in this study for dual-energy investigations.
In this study, when comparing the performance of EID to PCD, CTDI vol was matched by adjusting the tube current accordingly. This was done intentionally, as we desired to compare image quality at the same patient dose. Because the PCD system used a narrower collimation than did the EID system, the CTDI vol per tube-currenttime-product (milliampere) was higher on the PCD-CT system than on the EID CT system. Thus, the same CTDI vol was achieved by using a lower tube current on the PCD system; use of the same tube-current would have led to use of higher dose on the PCD-CT system, giving it an unfair noise advantage over the EID CT system. The narrower collimation (and hence higher patient dose per milliampere) is a property of the specific research PCD-CT system; it is not an intrinsic limitation of the PCD technology. Reduced coverage in the high-resolution modes compared with Macro mode was mainly due to design constraints in the electronic data readout, which was initially designed for the Macro and Chess acquisition modes. Greater z coverage could be achieved for a future PCD-CT system by designing appropriate readout electronics to handle the high data throughput of a PCD array without compromising z-coverage. Thus, the benefits observed in this study could be even stronger if a wider collimation PCD array becomes available in the future. There were some limitations to this study, primarily in that image quality and potential diagnostic value were only qualitatively assessed for a few patient cases. The examples shown were included for the purpose of demonstrating the appearance of the improved spatial resolution using human anatomy, and to provide a hint of the potential clinical value, which would be difficult to do using only phantoms. Future work to quantify clinical impact is clearly needed; such studies are underway at our center.
In conclusion, the Sharp and UHR high-spatial-resolution, multienergy scan modes on a whole-body PCD-CT scanner demonstrated a 69% and 87% improvement in in-plane spatial resolution, respectively, compared with relative to the originally released Macro acquisition mode. The maximum resolution of 150 μm provides an unprecedented opportunity to explore new clinical applications and to faithfully reproduce finer structures than have been previously possible.
First human subject studies qualitatively demonstrated the improvement in anatomic visualization made possible by these new modes.
